Introduction
Histochemistry uses a variety of methods to localize substances in tissue sections, ranging from small peptides to large enzymes, as well as a variety of other substances. Although localization and colocalization on a qualitative level are often the initial interest, subsequent studies almost always require quantitative assessment of the amount and/or distribution of the histochemical target. The focus is often to quantify its presence, absence, or relative difference between regions and/or conditions. This is especially true in studies of the brain ideal controlled experiment requires that the tissue sections to be analyzed should be processed together, under the same conditions and in the same reagents. Such designs are most feasible in small short-lived animals such as mice, where groups of control and experimental subjects (transgenic, aged, drug injected, etc.) can, with reasonable effort, be processed simultaneously. Such a design is not feasible if the tissue samples cannot be acquired at the same time. For example, in a study of the effects of age on neuron number in the visual cortex of the rhesus monkey, 1 26 monkeys ranging in age from 7.4 to 31 years of age were behaviorally tested, and tissue was collected over a period of 8 years. Although frozen tissue sections were cut relatively soon after tissue collection, histochemical processing of individual cases over years would have introduced many uncontrolled between-subject factors. Similar constraints are present for human brain tissue acquired over years as well as for samples from other species where sample sizes are limited.
A potential solution to this problem was proposed by Watson and colleagues 2 who suggested storing cut tissue sections at −20C in a cryoprotectant developed by de Olmos and colleagues. 3 This cryoprotectant consists of a 30% sucrose solution in PBS with the "antifreeze" additives ethylene glycol (30%) and polyvinylpyrrolidone-40 (PVP-40; 1%). Tissue in this cryoprotectant can then, at some later time, be thawed and processed together. Other sucrose and ethylene glycol formulations omit the 1% PVP-40 4 or use phosphate buffer (PB) instead of PBS. 5 As a simpler alternative that avoids the dehydrating and shrinkage of 30% sucrose, we developed a protocol for cryostorage of sections at −80C in 0.1-M PB with 15% glycerol and no sucrose or other additives based in part on our success with a glycerol cryoprotection protocol for freezing large blocks of brain tissue without shrinkage or freezing artifact. This protocol incubates fixed tissue blocks in 0.1-M PB with first 10% glycerol and then 20% glycerol before flash freezing the block at −75C and then storing the block at −80C until it is cut into frozen sections. 6 This glycerol cryoprotection regimen is superior to sucrose for avoiding ice crystal artifact, especially for very large (≥100 cc) blocks of monkey or even human brain, and because it completely avoids the shrinkage and spatial distortion of brain tissue caused by dehydration during sucrose infiltration. Once cut, the sections are then transferred to the 15% glycerol cryoprotectant and stored at −80C until processed. Initial comparisons between tissue stored for many months in 15% glycerol at −80C with freshly cut tissue showed effective morphological preservation, so we have continued using this cryostorage regimen for more than a decade. Here, we have extracted the quantitative data from our prior studies of the effects of subject age on 11 different histochemical markers. These histochemical datasets were statistically analyzed using multiple regression to control for the original variables of interest, specifically age and sex, while assessing the effect of time stored at −80C on a variety of quantitative histochemical measures.
Materials and Methods

Subjects
Results reported are from 80 rhesus monkeys, 47 males and 33 females, that ranged in age from young (3 years) to the very old (31 years) . This range corresponds to humans from 9 to about 90 years of age. 7, 8 All monkeys were part of long-term studies of normal cognitive aging and were obtained from national primate centers after screening health records to verify known dates of birth and to exclude monkeys with histories that could confound investigations of brain aging. Different cohorts of animals and different samples sizes (n=16 to n=36) were drawn from this group and used for each of the different studies analyzed here. Details of this subject pool are summarized in Table 1 . All procedures conformed to the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals 9 and were approved by the Institutional Animal Care and Use Committee of the Boston University Medical Campus.
Tissue Collection and Processing
Monkeys were deeply anesthetized and euthanized by exsanguination during transcardial perfusion fixation of the brain, either with ice-cold Krebs-Henseleit buffer followed by 4% paraformaldehyde in 0.1-M PB at pH 7.4 and 37C, or with just 4% paraformaldehyde without the Krebs first ( Table 2) . Four monkeys (AM143, AM133, AM144, and AM209) were instead perfused with 1% paraformaldehyde and 1.25% glutaraldehyde in 0.1-M PB. Differences in fixation type were not found to affect staining. Brains were blocked in situ in the coronal plane, removed intact, weighed, photographed, and postfixed for less than 24 hr. 1,10 They were then cryoprotected by immersion in 10% glycerol and 2% DMSO in 0.1-M PB until the block sank, indicating equilibration between the block and the solution (1-3 days depending on block size), and then transferred to PB with 20% glycerol and 2% DMSO until equilibrated, as indicated by sinking (3-5 days). Blocks were then flash frozen in −75C isopentane and placed into storage at −80C until they could be cut into frozen sections. 6 For cutting, the frozen blocks were removed from −80C storage, affixed to a freezing stage of a sliding microtome, and maintained frozen by being surrounded with pulverized dry ice that was repacked every 15 to 20 min. Blocks were cut into 10 interrupted series of 30-µm-thick frozen sections. As they were collected, the sections in a series were distributed across 24 vials (polystyrene hematology cell counter vials, #9040; USA Scientific, Ocala, FL), with each vial containing about six to eight sections in 15 to 20 ml of 15% glycerol in PB. Sections were allowed to equilibrate in the 15% glycerol overnight at 4C and were then refrozen by transferring the vials into a −80C freezer, where they were kept until thawed for processing.
Tissue for each study was "batch-processed" by removing the appropriate vials from the −80C freezer, at the same time, for all the cases selected for that study. Sections were immediately thawed by placing the vials in a room temperature water bath for about 30 min. Sections were then processed together in the same reagents. The number of sections per subject varied according to the design of the aging study for which they were originally prepared, and was chosen to yield an appropriate sample size based on the size Thaw all sections rapidly as needed for batchprocessed histochemical study Ends "total time frozen"
The steps used to obtain, cryoprotect, cut into sections, and store tissue sections before histochemical processing are shown in order. The total time frozen encompasses the time between flash freezing the cryoprotected block (step #5) and thawing tissue sections on the first day of histochemical processing (step #9). All solutions are prepared in 0.1-M phosphate buffer, pH 7.4.
of the region of interest and the frequency of the cell or structure to be analyzed. The number of sections analyzed per subject for each study is as follows: hyaluronic acid (HA)/damaged myelin basic protein (dMBP) = 6 to 8, neuronal nuclei (NeuN)/parvalbumin (PV) = 6 to 8, orexin-A = 14, bromodeoxyuridine (BrdU)/doublecortin (DCX) = every 20th section through the entire hippocampus, and pro-brain-derived neurotrophic factor (proBDNF) = 20 to 22. The details that apply to all the studies have been published 1,10 but are summarized below for those yet to be published.
IHC
The antigens studied are listed in Table 3 , and examples of staining are shown in Fig. 1 . All IHC protocols included a variation of the following basic steps: After thawing, free-floating sections were rinsed 3 to 6 times for 5 min each in buffer (e.g., PB) to remove glycerol. This was often followed by quenching of endogenous peroxidases in 1% to 3% hydrogen peroxide, treatment in blocking serum to reduce binding at nonspecific sites, incubation in primary antibody, and incubation in secondary antibody. Buffer washes (potassium phosphate-buffered saline [KPBS], PBS, PB, or TBS, pH 6.8-7.4) were interposed between all basic steps. For fluorescent staining, an Alexa-labeled secondary antibody was used. Following incubation with the Alexa secondary antibody, tissue was mounted onto gelatin-subbed glass slides, treated with an autofluorescence elimination reagent (Millipore's autofluorescence eliminator reagent, #2160, and accompanying instructions), coverslipped with antifade polyvinyl alcohol mounting medium (Sigma, St. Louis, MO), and stored in the dark at 4C.
For chromogen-labeled tissue, incubation with a biotinylated secondary antibody was followed by avidin-biotin amplification using a VECTASTAIN ABC Elite kit (Vector Laboratories), and chromogen development. Once the reaction was complete, sections processed for chromogenic visualization were mounted on gelatin-subbed slides, dried overnight, dehydrated in graded alcohols, cleared in xylene, and coverslipped.
Additional steps for some protocols included postfixation of sections in 2.5% acrolein and 4% paraformaldehyde in potassium PBS (proBDNF staining protocol 11 ); antigen retrieval with formamide, heat, or acid (BrdU and DCX protocols 10, 12 ); quenching in 3% hydrogen peroxide in methanol instead of buffer (proBDNF staining protocol); a Nissl counterstain 1 ; or processing in a PELCO BioWave Pro 36500 laboratory microwave system (HA and dMBP staining protocol).
HA Histochemistry
HA histochemistry was performed using biotinylated HA-binding protein (bHABP) as the probe, a technique developed by Ripellino and colleagues. 13 Because this differs from the IHC procedures of the other markers but was run as a double-label experiment with IHC, the relevant details are as follows: Sections were thawed and rinsed with KPBS (pH 7.3) between each step. They were then incubated in blocking serum for 1 hr and then in a KPBS-triton solution containing 1:500 bHABP (Millipore) and 1:750 anti-dMBP antibody (Millipore). This incubation step began in a microwave (PELCO BioWave Pro 36500 laboratory microwave system) set at 250 W and 20 mm Hg vacuum for 6 min, and then continued for 18 hr on a rocker at 4C. Next, the sections were incubated in a KPBS-triton solution containing secondary antibodies (streptavidin-conjugated Alexa 488 to label the bHABP and 1:500 goat anti-rabbit IgG Alexa 568; Invitrogen, Carlsbad, CA) in the microwave set at 250 W without vacuum for 6 min, followed by 2 hr at room temperature. Sections were then rinsed, mounted onto gelatin-subbed slides, treated with autofluorescence eliminator reagent (Millipore) according to manufacturer instructions, and then coverslipped with polyvinyl alcohol mounting medium (Sigma #10981). Coverslipped slides were stored in the dark, allowed to dry at room temperature for 48 hr, and then were sealed with nail polish and stored in the dark at 4C.
Quantification With Stereology
For quantification with stereology, an expert observer used the Stereo Investigator (MicroBrightField Inc., Williston, VT) or BIOQUANT Stereology Toolkit (BIOQUANT Inc., Nashville, TN) systems to mark and count the cells positive for a particular label using the optical fractionator method of West and colleagues. 14 Detailed representative descriptions can be found for NeuN in Giannaris and Rosene 1 and for BrdU in Ngwenya et al. 10 This approach obtains an estimate of the total number of labeled objects in a defined region of interest.
Quantification of Digitized Images With ImageJ
Alternatively, sections were digitized at an appropriate power (e.g., 20× for HA and dMBP) using a Nikon E600 Microscope (Nikon, Tokyo, Japan) equipped with a motorized stage and controlled by either Turboscan montaging system software (Objective Imaging Ltd., Cambridge, UK) or Stereo Investigator software (MicroBrightField Inc.). The images were then quantified using ImageJ. Details of this approach for measures reported here but not yet published are given in the following sections.
ProBDNF
After processing with IHC for proBDNF, tissue sections were digitized and the images analyzed to obtain counts of positively stained cell bodies (neurons and glia), counts of puncta (staining in axons, dendrites, and glial processes), and measurements of the overall optical density (OD) of staining in gray matter and in white matter. To obtain digitized images, a systematic random sample was acquired at 100× using Stereo Investigator software (v9.14.3). ImageJ (v1.45s 15 ; NIH, http://imagej.nih.gov/ij) was then used to enhance the image contrast, apply a threshold to distinguish positively stained features from the background, and apply a size exclusion threshold to identify and distinguish somata and puncta. For the analysis of the OD of proBDNF, photomontages through the entire region of interest were obtained using Turboscan software (Surveyor v6.1.0.3; Objective Imaging Ltd.) with a Nikon 20× Plan Fluor objective at a constant exposure time for all images. To measure the OD of the sections, ImageJ was first used to outline the regions of interest. Then, the uncalibrated OD function of ImageJ was used to transform the mean gray value of each pixel to OD according to the formula, Uncalibrated OD = log 10 (255/pixel value).
HA and dMBP
For epifluorescent digitization, optimal exposure time was determined for each label using test tissue that was processed in the same batch as the sections for the full analysis to avoid potentially fading the study sections. Each region of interest was then digitized twice-once using the excitation wavelength and optimal exposure time for one fluorophore, and then under the optimal conditions for the other. The order in which subjects were digitized was counterbalanced across age and sex. ImageJ was used to select anatomically defined samples from regions of interest within photomontages, apply thresholds, and either obtain the percent area stained or calculate a measure of fluorescence intensity. The intensity measure used is analogous to methods used by Yamamoto et al. 16 and Ihara et al. 17 
Total Time Frozen (TTF)
The tissue processing protocol is described in section "Materials and Methods" and shown in Table 2 . The measure of freezing time analyzed in this study, TTF, encompasses the period of time starting when a cryoprotected tissue block is frozen in −75C isopentane, and ending the day vials containing tissue sections cut from that block were thawed for processing. There is one freeze-thaw cycle within this TTF period, occurring when the block is sectioned, but sections thaw rapidly onto the knife as they are cut and remain thawed as they equilibrate in the 15% glycerol buffer for less than 24 hr. They are then refrozen to −80C in an ultralow freezer. It is worth noting that TTF is a composite of the time stored as a cryoprotected block before cutting plus the time stored as sections in 15% glycerol at −80C. These component measures were analyzed along with TTF, but as the results exactly paralleled those of TTF, only the TTF analyses are shown here.
Data Analysis and Statistics
The primary aim of this study was to determine whether time frozen at −80C affects quantitative histochemistry. The histochemical measures for each of 11 datasets (e.g., NeuN cell counts, or HA percent area, etc.) were treated as the dependent variables in all analyses. As the staining measures were produced from several different studies, and each study used a distinct subject cohort with only minimal overlap and was performed on a different date, each staining measure, even for cases used in multiple studies, had different data for its associated "TTF" variable. Multiple regression analyses were performed using Statistical Analysis Software (SAS; v9.3), and summary statistics are reported in Table 4 . The linearity assumption was assessed by testing the significance of squared TTF terms. If TTF 2 was a significant predictor of the dependent histochemical variable, a nonlinear model (quadratic) was used instead of a linear model. Interaction variables were tested to detect the presence of combined effects of two predictors. For example, testing the significance of an age-TTF interaction variable (created by multiplying age times TTF for each subject) in a multiple regression model would enable the detection of "confounding" effects that would be present if tissue from young monkeys had significantly different TTF values than tissue from aged monkeys. If the young monkeys in a particular study were frozen for a significantly longer (or shorter) period of time than the aged monkeys, the interaction between age and TTF would be significant. All interaction variables of interest were tested for all datasets, and the only one that reached significance was the relationship between subject age and TTF for the orexin dataset (p=0.032; Table 4 ). However, as there was no correlation between TTF and orexin, the potential effect of the age-TTF interaction for orexin does not affect the outcome of any tests relevant to this study.
The multiple regression analyses were performed using a stepwise approach. In other words, each histochemical measure (dependent variable) was modeled using several predictors of interest (independent variables), including sex, age, TTF, and relevant interaction variables. The SAS regression output includes the p value of each predictor in the model. When there were predictors with p values greater than the alpha cutoff (0.05 in this study), the predictor with the least significant (i.e., greatest) p value was eliminated from the model, and the regression was run again. This one-by-one elimination of the least significant predictor continued until only significant predictors remained. The model that included only significant predictors at α = 0.05 was considered the best model.
Because age and sex are variables of interest in many of the studies for which these datasets were prepared, Table 4 lists the summary statistics of regression models that include age and sex even if they did not reach significance. This information is useful for assessing the relative contribution of each predictor to the overall model (e.g., for comparing whether TTF or age accounts for more of the variance of a particular staining measure). Summary statistics for the best model are reported in section "Results" for each staining measure. The p value is used to assess the significance of these statistical tests by comparing the p value probability with a predetermined "alpha" threshold. The alpha threshold chosen for this study was 0.05, so if the p value was less than 0.05, the null hypothesis is rejected. 4. The semipartial R 2 is a measure of how much each individual independent variable contributes to the R 2 of the overall model, which is the proportion of variance accounted for by that variable. 5. The overall model R 2 can be interpreted as the proportion of the variability of the dependent variable that is accounted for by all the predictors in the model.
Explanation of Output Statistics in Multiple Regression
Results
NeuN Cell Counts
NeuN is an immunohistochemical marker for neurons where it mainly labels nuclei. 18 It is now known that NeuN is the Fox-3 splicing factor. 19 Stereological counts of NeuN + neurons in primary visual cortex of the aging monkey brain showed no effect of age (p=0.929, R 2 < 0.001) as previously reported. 1 As shown in Fig. 2A , there was no association between TTF and NeuN counts (p=0.795, R 2 = 0.003). There was also no relationship between TTF and NeuN counts in a multiple regression analysis controlling for age and sex (TTF p=0.723, semipartial R 2 = 0.006).
Orexin-A Cell Counts
Orexin-A, also known as hypocretin 1, is an excitatory neuropeptide hormone. 20 Stereological counts of orexin-A-positive neurons in the hypothalamus of the aging monkey brain showed a significant negative relationship of age in males but not females (p=0.026, R 2 = 0.138). In the multiple regression analysis that tested for interactions between TTF, age, and sex, The 95% CI is shown only for the β estimates of predictors that approach or attain significance. "Model R 2 " is the unadjusted R 2 for the model that includes the variables shown. See section "Materials and Methods" for further explanation of these statistical measures. Abbreviations: TTF, total time frozen; CI, confidence interval; PV, parvalbumin; DCX, doublecortin; proBDNF, pro-brain-derived neurotrophic factor; WM, white matter; OD, optical density; dMBP, damaged myelin basic protein; HA, hyaluronic acid.
there was a significant interaction between TTF and age (p=0.032) reflecting a positive correlation between TTF and age (r = 0.317). Thus, for this cohort, tissue from aged monkeys was stored in the freezer longer than tissue from young monkeys. Nevertheless, the correlation between TTF and orexin cell count was not significant in any of three models considered: (1) a single linear regression (p=0.834, R 2 = 0.001; Fig.  2B ); (2) a multiple regression model that included the TTF-age interaction variable, TTF, age, and sex (TTF p=0.087, semipartial R 2 = 0.072; Table 4 ); or (3) a multiple regression model that contained only the TTFage interaction variable, TTF, and age (same as #2 but excluded sex due to its non-significant p value). In this third model, TTF p=0.103 and semipartial R 2 = 0.064.
PV Cell Counts
PV is a calcium-binding protein that is used as a marker of subpopulations of GABAergic (gamma-aminobutyric acid) interneurons. 21 Stereological counts of PV + neurons in primary visual cortex of the aging monkey brain showed no effect of age (p=0.404, R 2 = 0.029). 1 When analyzed for effects of cryostorage, a single linear regression between only TTF and PV is not significant, with p=0.601 and R 2 = 0.012 (Fig. 2C) . The relationship between TTF and PV was more accurately fit by a quadratic multiple regression model than by a simple linear model. The quadratic multiple regression model that contained only TTF 2 and TTF as independent variables was best, and approaches significance (overall model p=0.075, R 2 = 0.202). The relationship between TTF and PV is also significant in a multiple regression model that contains TTF 2 , TTF, age, and sex (overall p=0.280, R 2 = 0.206, TTF p=0.045; Table 4 ).
BrdU Cell Counts
BrdU is a thymidine analogue that incorporates into the DNA of dividing cells and, when injected, systemically marks newly generated cells. Counts of BrdU + neurons in the dentate gyrus of the hippocampus of the aging monkey brain showed a significant reduction with age 10 (p=0.008, R 2 = 0.407). When analyzed for effects of time in cryostorage, there was no significant correlation between TTF and BrdU + neurons (p=0.293, R 2 = 0.078; Fig. 2D ). There was also no relationship between TTF and BrdU + neurons in a multiple regression analysis controlling for age (TTF p=0.732, semipartial R 2 = 0.006). This study was conducted using only males, so sex was not included in the regression analysis.
DCX Cell Counts
DCX is a microtubule-associated protein found intracellularly in the somata and processes of immature neurons and neuronal precursor cells. 22 Stereological counts of DCX in the hippocampus of the aging monkey brain showed a significant decrease with age 10 (p=0.002, R 2 = 0.507). When analyzed for effects of cryostorage, there was a significant decrease in DCX cell counts with increasing TTF (p=0.033, R 2 = 0.285; Fig. 2E ). However, when multiple regression was used to control for age, the relationship between TTF and DCX only approached significance (TTF p=0.086, semipartial R 2 = 0.104; age p=0.006, semipartial R 2 = 0.325; Table 4 ). Although the age-TTF interaction variable was not significant (p=0.193), the subtle correlation between TTF and age (r = 0.322, p=0.224) likely confounded the relationship between TTF and DCX.
ProBDNF Measures
ProBDNF is the precursor form of brain-derived neurotrophic factor, the most prevalent member of the neurotrophin family of growth factors. [23] [24] [25] [26] ProBDNF staining was analyzed in four ways in the inferior parietal lobule (IPL) of the same cohort of aging monkeys: numbers of positively stained cell bodies and of extracellular puncta in gray matter, 27 as well as overall OD of BDNF staining in gray matter and in white matter. Two measures, proBDNF puncta and proBDNF OD in gray matter, did not correlate significantly to age or to TTF. Of the other two measures, proBDNF cell numbers in gray matter increased with age and increased with TTF, and OD in white matter did not change with age but increased with TTF. The significant increase of these two proBDNF measures relative to TTF was surprising as it is contrary to the expectation that any effect of TTF would be to reduce histochemical detection. These findings are discussed individually in the following sections.
ProBDNF Puncta Numbers Are Stable With TTF. Calibrated photomontages of the monkey IPL were acquired under matched conditions and puncta automatically identified with ImageJ. Counts of puncta demonstrated no significant change with age 27 (p=0.885, R 2 = 0.001). When analyzed for effects of time in cryostorage, there was no significant relationship between TTF and puncta number (p=0.926, R 2 < 0.001; Fig. 3B ). This relationship was also not significant in a multiple regression model that included TTF, age, and sex (TTF p=0.843, semipartial R 2 = 0.001).
ProBDNF Gray Matter OD Is Stable With TTF. Because detection of puncta required thresholding, the same image montages were also analyzed for total proBDNF OD. Results showed that there was a significant agerelated decrease in total proBDNF OD in the gray matter (p=0.045, R 2 = 0.112). 27 When analyzed for effects of TTF in cryostorage, there were no significant correlations between gray matter OD and TTF (p=0.959, R 2 < 0.001; Fig. 3C ). This relationship was still not significant in a multiple regression model that included TTF, sex, and age (TTF p=0.848, semipartial R 2 = 0.001).
ProBDNF White Matter OD Increases With TTF.
Although there was no change in proBDNF white matter OD with age (p=0.103, R 2 = 0.076), when analyzed for effects of time in cryostorage, there was a significant increase in proBDNF white matter OD with increasing TTF (p=0.048, R 2 = 0.110; Fig. 3D ). This relationship was still significant in a multiple regression model that included TTF, age, and sex (TTF p=0.031, semipartial R 2 = 0.126; Table 4 ).
ProBDNF Cell Counts Increase With TTF. The number of proBDNF-positive cell bodies detected with ImageJ showed a surprising effect of age with cell counts increasing (p=0.011, R 2 = 0.177 27 ). When analyzed for effects of time in cryostorage, proBDNF cell counts increased significantly with TTF (p=0.025, R 2 = 0.139; Fig. 3A ). The relationship between TTF and proBDNF cell counts was still significant in a multiple linear regression model that included TTF, age, and sex (TTF p=0.008, semipartial R 2 = 0.165; Table 4 ).
Summary of ProBDNF.
To summarize, four proBDNF measures in the IPL were analyzed with respect to TTF. While ProBDNF puncta and OD in the gray matter do not change with TTF, both proBDNF cell counts and OD in the white matter increase significantly with TTF. Possible explanations for this unexpected increase are presented in section "Discussion."
Damaged Myelin Basic Protein Fluorescence Intensity
Myelin basic protein (MBP) is a component of the myelin sheath. 28 The dMBP antibody targets an epitope on MBP that is concealed when MBP is intact, and is exposed when MBP is damaged or denatured, 29 serving as a marker of myelin damage. 16, 17, [29] [30] [31] The dMBP fluorescence intensity did not change significantly with age in the cingulum bundle in a cohort of 29 monkeys (p=0.077, R 2 = 0.111). 32 When analyzed for effects of time in cryostorage, linear regression did not show a significant relationship between TTF and dMBP (p=0.102, R 2 = 0.096; Fig. 3E ). However, because the squared term for TTF in the multiple regression model was significant (Table 4) and this indicates that the data are not entirely linear, three different non-linear quadratic models were considered: (1) a multiple regression model that included TTF 2 , TTF, age, and sex (overall model p=0.012, R 2 = 0.405; Table 4 ); (2) a multiple regression model that included only significant predictors (same as #1 but without age, excluded due to its non-significant p value; overall model p=0.014, R 2 = 0.340); and (3) a multiple regression model that contained only TTF 2 and TTF (overall model p=0.040, R 2 = 0.220; Fig. 4A ). Although these quadratic multiple regression models more accurately describe the relationship between TTF and dMBP than a simple linear model, it is unclear why histochemical reactivity would change in a "U-shaped" quadratic pattern with cryostorage time. One possibility is that there may be an effect of storage time beyond a duration of 8 years as it appears from the scatter plot that the significance of the quadratic relationship is mostly driven by an increase in fluorescent staining, possibly background, in tissue stored longer than 8 years (Fig. 4) . The superiority of the quadratic multiple regression models over the simple linear model can be seen by comparing R 2 values of each (indicative of the proportion of variance accounted for by each model): The R 2 of the best quadratic model reported above is considerably higher than that of the simple linear model (0.405 vs. 0.096). In any case, it is best to include the non-linear term when it is significant because of the increased accuracy it provides when controlling for hidden effects of TTF on the primary experimental variables of interest (such as age).
HA Percent Area
HA is an extracellular glycosaminoglycan that forms a branching scaffold structure to which other neural extracellular matrix (ECM) components attach, 33 reviewed by Sherman and Back 34 and Bignami et al. 35 The percent area of HA significantly increases in the cingulum bundle with age (p=0.025, R 2 = 0.172 32 ). When analyzed for effects of cryostorage with linear regression, there was a significant increase in HA with increasing TTF (p=0.038, R 2 = 0.149; Fig. 3F ). When analyzed with quadratic multiple regression models, results showed even stronger relationships between TTF and HA: (1) a quadratic multiple regression model that included TTF 2 , TTF, age, and sex (overall model p=0.001, R 2 = 0.548; Table 4 ); (2) a quadratic multiple regression model that included only significant predictors (same as #1 but without sex, which was excluded due to its non-significant p value; overall model p=0.001, R 2 = 0.500); and (3) a quadratic multiple regression model that included only TTF 2 and TTF (p=0.002, R 2 = 0.392; Fig. 4B ).
Discussion
Summary of Results
Although published studies 2,3,36 recommend approaches for long-term frozen cryostorage of sections for histochemical studies, there have been no systematic, quantitative assessments of how such storage might affect subsequent immunohistochemical processing either for specific markers or in general. In this study, we quantitatively assessed whether various quantitative measures of histochemical staining are affected by time in −80C cryostorage. Results reported here from analyses of 11 different histochemical measures indicate that most measures are stable for up to 10 years in −80C when stored as 30-µm-thick sections in buffer with 15% glycerol (after initial cryoprotection as a block with 20% glycerol). Specifically, the length of time in cryostorage at −80C had no effect on six measures: stereological cell counts for NeuN, Orexin-A, BrdU, and PV as well as image analysis estimates for proBDNF + puncta counts and OD in the gray matter. In contrast, DCX + cell count was the only measure to decrease significantly with longer frozen storage time in simple linear regression. However, multiple regression analysis suggested this could be due to a confound of the dataset in which DCX + cells decrease with age, and there was a correlation of TTF with age. Finally, contrary to the expectation that extended TTF might reduce histochemical markers, four measures showed increases with TTF: ProBDNF + cell bodies in the gray matter and proBDNF OD in the white matter both increased significantly with longer TTF as did the fluorescent percent area stained by HA histochemistry. The relationship between fluorescence intensity of dMBP and TTF was not significant as assessed by simple linear regression, but a non-linear multiple regression model was significant.
It is surprising that a few relationships between TTF and measures of histochemical reactivity were significant, whereas others were not, even in the same cases processed with a single reaction (e.g., proBDNF OD in gray matter vs. white matter or proBDNF cell counts vs. puncta counts in gray matter). Particularly puzzling were the instances in which the significant effect of TTF appeared to increase staining because the expectation was that if this affected the tissue, it would reduce staining. Nevertheless, it is important to note that even in those instances where there was a significant effect of TTF as assessed by p value, the effect sizes as assessed in multiple regression models as R 2 were negligible-that is, accounted for very little of the variance in the data relative to the primary relationships of interest. Moreover, these small effects of TTF did not alter or confound the interpretation of the data with respect to the main variables of interest in the original studies, such as age. The cryostorage methods described here can be used for up to 10 years but should be checked with a careful multiple regression approach to detect and control for any small effects of TTF.
Commonly Used Cryoprotectant Solutions
All published cryoprotectants used to process brain tissue for IHC are either sucrose-based or glycerol-based, but there has not been a systematic comparison of IHC quality between the two means of storage. The ability of sucrose-based cryoprotectants to prevent freezing artifact is limited in large tissue blocks (e.g., ≥60 cc), where it produces inadequate and "occasionally disastrous" results. 6 Sucrose-based cryoprotection also causes tissue shrinkage, which limits the usefulness of the tissue for quantitative morphological studies. 6 For example, in one study, the average shrinkage of four monkey brain blocks cryoprotected with sucrose was 6.5%, whereas the average shrinkage of four monkey brain blocks cryoprotected with glycerol-DMSO was 0.04%. 6 Besides the main components of buffer and either sucrose or glycerol, several additives are sometimes used. DMSO, an organosulfur compound, is recommended as an additive to the 10% and 20% glycerol cryoprotectants during infiltration of large tissue blocks 6 because it improves the rate of glycerol penetration into blocks before initial freezing. The 30% sucrose cryoprotectant recommended by de Olmos and colleagues 3 and Watson and colleagues 2 for storage of frozen blocks and free-floating tissue sections contains the additives ethylene glycol (30%) and PVP-40 (1%). Ethylene glycol is a common component of commercial antifreeze. PVP-40 is a polymer that is thought to affect the loss of water through cell membranes during the freezing of unfixed cells (such as for tissue banking, for example, see Umemura et al. 37 ). A study that applied cryostorage methods for ISH histochemistry samples 4 used the de Olmos cryoprotectant described above but omitted the PVP-40.
Possible Effects of 15% Glycerol on DCX, proBDNF, and HA
It is notable that the directionality of observed relationships between frozen storage time and staining measures varies: Three markers showed significant increases in histochemical staining with increased frozen storage time (proBDNF + cell bodies, proBDNF OD in the white matter, and HA fluorescent percent area). Two variables appeared to have non-linear relationships with TTF, showing a decrease in staining for the first years of frozen storage and then a gradual increase as time progressed (dMBP fluorescence intensity and HA fluorescent percent area; Fig. 4 ). In contrast, only one measure, counts of DCX + somata, showed a significant decrease in staining with increased frozen storage time although this may be partly confounded by the decrease in DCX seen with the age of the subject, which was correlated with TTF. These different patterns have different implications and likely different mechanisms.
If cryoprotectant solutions affect antigens over time by altering histochemical reactivity, such effects would be caused by either (1) water ice altering the tissue or the antigen over time or (2) the non-water components of the cryoprotectant altering the tissue or the antigen over time.
Here, the general term "water ice" refers to water that is cooled to a solid phase either as ice crystals or in vitrified form (amorphous non-crystalline state achieved by flash freezing or the presence of a high concentration of cryoprotectant during cooling). The possibility of water ice altering tissue or its components is unlikely because if water ice was affecting the tissue, the effects of TTF should have been significant for all antigens tested. The cohorts of subjects that showed significant effects of storage time (e.g., proBDNF) and those that did not (e.g., NeuN) had a similar range of TTF values, and the cryoprotection procedure for all subjects of all cohorts was the same. Moreover, there is no evidence that cryostorage in 15% glycerol produces observable ice crystal damage. Our cryoprotection methods 6 adequately prevent the formation of ice crystals large enough to cause "freezing artifact" damage within the tissue, as evaluated by histological assessment. Ice crystal artifact and damage are obvious in improperly processed tissue blocks. Although our cryoprotection protocols prevent formation of ice crystals during freezing, slow thawing can allow recrystallization to occur. This damage is easy to detect as shown in Fig. 5B and D. In this case (AM275), the damage occurred when the frontal lobe region of the frozen cryoprotected block was allowed to slowly thaw during cutting (inadequate replenishment of pulverized dry ice). It is notable that storage for years in the 15% glycerol does not exacerbate this ( Fig. 5B vs. D) but that this kind of damage never occurs when cryoprotected sections are frozen and later thawed according to our standard protocol ( Fig. 5A and C) . Hence, it is unlikely that water itself would affect some antigens differently than others.
The formation of ice crystals may not directly harm tissue, but it may indicate changes in the composition of the fluid to which tissue is exposed. Effects of nonwater components of cryoprotectants on tissue or its components could be due to the separation of glycerol solutions into a water fraction and a glycerol fraction during freezing, as described for the use of glycerol in tissue banking of unfixed specimens. 38 Although most of the separation likely happens in the early stage of freezing as small ice crystals fuse into larger ones (termed "recrystallization," occurring fastest at temperatures above −30C 39 ), ice crystal formation may be able to continue more slowly at lower temperatures. The continual formation of ice crystals not within the tissue but within the storage vial (either formation of new ice crystals or "recrystallization"-Smaller ice crystals fusing into larger ones) can increasingly separate the glycerol-salt portion of the cryoprotectant from the growing water ice portion. Because samples for live tissue banking often remain in the glycerol-based fragment by design (to protect cells from water ice crystals), they could be exposed to environments that deviate far from physiological conditions. For instance, because buffer salts can crystallize at low temperatures and increased concentrations, 40, 41 the pH of the tissue environment may change, affecting the conformation and phosphorylation state of proteins. Therefore, the extent to which a protein's structure relies on the protonation or phosphorylation state of its component amino acids may render it vulnerable to such storage environments. It is plausible that longterm freezing conditions could alter the structure of some select antigens, affecting antibody recognition or other histochemical properties and altering quantitative parameters even though qualitative features are unchanged.
Although unfixed tissue banking samples are more likely to be affected by such factors than fixed tissue, we investigated the possibility that some antigens in the present study might be more susceptible to changes based on protonation or phosphorylation state. To determine whether susceptibility to such conditions could explain the increases in histochemical reactivity observed for some measures, we conducted a structural analysis of nine of the 11 antigens (all except dMBP and HA). Data concerning protein composition and modifications were obtained from Uniprot. 42 The structural features considered included the percentage and total number of each individual amino acid within the protein, with a focus on the number and percentage of specific amino acids that can confer specific structural properties to proteins. Specifically, the factors studied included the number and proportion of charged amino acids (which would be most affected by pH changes), the number and proportion of prolines (which have a pyrrolidine ring side chain that constrains protein structure, stabilizing or destabilizing the conformation of many proteins depending on the conditions 43 ), and the number and proportion of serines (a common site of phosphorylation, a posttranslational modification that affects the function of proteins often by inducing a conformational change 44 ). This structural analysis did not reveal any commonalities among the antigens that appear to be affected by frozen storage or specific differences from those that are unaffected.
It is possible that the various dehydration-based effects of glycerol cryoprotectants that are observed in tissue banking protocols (e.g., conformation changes due to low pH) are not factors for fixed tissue used for histochemistry as stronger fixation appears to impede the movement of water through the tissue, as shown by slower replacement of water by cryoprotectants in tissue treated with stronger fixatives. 6 Hence, fixation may mitigate the effects of potentially dehydrating conditions during storage at −80C.
TTF and Effect Size
An important statistical consideration is whether the incongruous effects of TTF producing increases in some histochemical end points or showing non-linear relationships are strong enough to require routine consideration in histochemical studies. Analysis of the R 2 values of each statistically significant relationship (representative of the proportion of variance accounted for were Nissl stained right after they were cut from the frozen block (i.e., after step #7 shown in Table 2 ) and without cryostorage as sections. In contrast, sections shown in (C) and (D) were immunohistochemically processed for microtubule-associated protein 2 (MAP2) with a Nissl counterstain at step #9 ( Table 2) after long-term cryostorage in 15% glycerol. Freezing artifact appears as numerous vacuoles that disrupt the laminar cytoarchitecture of the cortex, as shown in case AM275 (B and D). This is likely recrystallization damage and likely occurred during cutting when the brain was inadvertently allowed to warm beyond protocol temperatures (above −30C) at the top of the block (frontal lobe) because ice crystal artifact was not present in occipital lobe sections from the bottom of the same block. Scale bar = 50 µm. by the relationship) puts the practical impact of these relationships into context. For example, the correlation between HA percent area and TTF has an R 2 of 0.149, indicating that changes in TTF explain about 15% of the variance in the HA data. Arguably, 15% is not a high enough proportion of variance to make TTF a variable of interest. However, to err on the side of caution, multiple regression was used to control for the effects of TTF while correlating HA percent area to other measures from the original study. The aim of the original study was to determine whether there is a relationship between HA levels and myelin damage as measured by dMBP IHC, and the relationship between HA and dMBP was strong and significant (R 2 = 0.636 and p<0.0001). 32 When multiple regression was used to analyze the relationship between HA and dMBP while controlling for TTF, the relationship between HA and TTF was no longer significant. Although the simple linear regression between only HA and TTF suggests a subtle but significant relationship between the two variables (according to the p value), the strength of the relationship as measured by the effect size (according to the R 2 ) is so weak as to become negligible when variables with stronger relationships are considered in the analysis.
Comparison Within proBDNF Cases
The increases with TTF in two of the four proBDNF measures were unexpected as both the number of stained cell bodies in gray matter and the overall white matter OD increased with greater TTF in the same cases where the number of gray matter puncta and the overall gray matter OD were unaffected by TTF. Considering possible causes of this pattern of significance is instructive, as immunohistochemical staining of the proBDNF antigen was analyzed in three ways (cell counts, puncta counts, and OD) and in four compartments/areas (OD in the gray matter, OD in the white matter, puncta in the gray matter, and somata in the gray matter) within the same sections from the same cases. These findings present three issues for consideration. First, the subcellular compartment or location in the tissue may be an important factor affecting cryostorage vulnerability-If effects of TTF are caused by interactions between the tissue and a component of the cryoprotectant, the antigen's subcellular location may affect the degree to which it is exposed to damaging factors. Second, if freezing time does subtly affect histochemistry of vulnerable antigens, these subtle effects may be easier to detect with continuous rather than discrete measures (e.g., OD rather than cell counts)-Continuous measures can quantify subtle differences, but discrete counts can reduce degrees of staining in a cell to either "counted" or "not counted." Third, of the two proBDNF measures that showed a significant relationship with freezing time, both showed an increase in staining with increased time in frozen storage. The increase, as opposed to the expected decrease, may indicate that some aspect(s) of cryostorage interact with histochemical processing in ways that have not been considered, beyond simple tissue degradation and damage. Furthermore, it raises the possibility that potentially confounding effects of long-term cryostorage are commonly overlooked, because TTF would not be a factor suspected in an unexplained increase in staining.
Recommended Methods for Cryoprotection and Cryostorage for Batch-Processing
As previously described 6 and summarized above in section "Materials and Methods," fixed tissue blocks of any size up to 150 cc are cryoprotected by infiltration with glycerol cryoprotectant (10% glycerol and 2% DMSO in buffer at 4C for 1-3 days, and then with 20% glycerol and 2% DMSO at 4C for at least 4 days). Once equilibrated, the brain is flash frozen in −75C isopentane to minimize ice crystal formation. After an hour in −75C isopentane, the block is wrapped in foil, placed in a sealed plastic jar, and stored at −80C until cut on a freezing microtome into frozen sections. As the block is cut onto a room temperature knife (while the block is kept at −60C with dry ice), the sections thaw rapidly onto the blade avoiding recrystallization artifact. It is worth noting that frozen tissue blocks cryoprotected with glycerol cannot be cut on a cryostat at −20C to −40C because the sections are not completely frozen and so do not come off onto the knife as a wafer nor can they completely thaw. The result is that they stick to the cryostat blade. On the freezing microtome, the sections that thaw onto the blade are removed with a moist paintbrush and placed into vials with 15% glycerol in buffer. These vials are stored at 4C overnight to allow the sections to equilibrate, and are then placed into a −80C freezer for storage until needed for histochemistry.
During immunohistochemical processing of the tissue sections, it is important to process all sections in the same batch of reagents, for the same amounts of time-a technique referred to as "batch-processing." This is crucial to minimize variations in staining quality between subjects or sections due to slight differences in reagent strength or incubation timing.
Possible Pitfalls and Limitations
The present study demonstrates that the recommended methods described above should preserve brain tissue quality for quantitative histochemistry for most molecules up to at least 10 years. However, when using this approach, it is advisable to evaluate IHC quality as follows: Perform quantitative histochemistry as described above with batch-processing of tissue samples that have been in frozen storage the longest, alongside tissue that has recently been processed and frozen. Quantify the label and then perform multiple regression analysis on the resulting data to determine whether time frozen affects staining when controlling for other significant factors of interest, such as age, drug treatment, sex, and so on. All standard assumptions of multiple regression should be tested, including assessing the linearity of data and checking for interaction effects. If a significant association does exist between time frozen and the quantified staining measure, use of multiple regression will control for the effects of freezing time in the data. Long-term frozen storage of tissue sections using the methods described here generally preserves histochemical reactivity for frozen sections of fixed brain tissue. For the subset of the labels that did show a subtle relationship with frozen storage time, the effect size is likely to be negligible when analyzed in conjunction with the main variables of interest from their original studies. Nevertheless, it is advisable to include TTF as a variable in a multiple regression analysis to ensure that it has not confounded the main effect. Even if a histochemical label does appear to be affected by frozen storage time, and multiple regression demonstrates that this actually confounds the results for that marker, the present results demonstrate that the same tissue might still be useful for investigations of other antigens as effects are antigen specific.
